Since the porous silicon (porous Si) has very good properties of electroluminescence and photoluminescence in the visible and IR spectra [1, 2] , it is now an important candidate for application in the optoelectronic and microelectronic elds [3] mainly due to its relatively wide specic surface. The wavelength of the emitted light varies as a function of the porosity of the sample [4] . Moreover, the porous Si refractive index can be modulated depending on the porosity. These properties are very interesting in photonics which applications can extend in many elds like gas detectors, anti-reection coatings, waveguides, photonic crystals [5] ... Other applications of porous Si are in the biology eld, such as bio-detector since it is a bio-compatible material.
Systems of bio-detection based on wavelength shift in a Fabry-Perot cavity are made with thin lms of porous Si [5] .
Furthermore, porous Si substrate is a good thermal insulator and its structures are more mechanically stable than single crystal silicon (sc-Si) leading to more applications in micro-systems, for example thermopile fabrication [6, 7, 8] . Since it is widely used in various technological elds, it is then very important to determine the thermal conductivity especially at the micrometer scale. The thermal properties of porous Si are still not very well dened depending mainly on the fabrication process and the pore geometry.
Recent studies have demonstrated that the thermal conductivity of porous Si does not vary linearly as a function of the porosity [5] using an IR thermography based method. Simulations were made in order to establish the relationship between the size of pores and the thermal conductivity [9] . Using the photoacoustic method, it has been shown that the thermal conductivity of porous Si is twice smaller than the sc-Si one [10] .Many methods can be employed in order to detremine the thermal properties of thin lms or substrates.
2 Experimental set-up for photothermal method 2
The thermoreectance or thermoreectance thermography tehcniques are used for example to detrmine the thermal conductivity of silicon lms and isotopicaly pure silicon [11, 12] . The electrical resistance thermometry or the 3 omega methods can also be cited as reliable techniques for a multi-layer thermal properties investigations [13, 14] . In this work, the apparent thermal conductivity of two types of porous Si is determined by the photothermal nanosecond method [15, 16] . The rst one is fabricated with the sintering technique with pores diameter varying between 100 nm and 1000 nm [17] and the other one has its pores diameter very small, varying between 5 nm and 10 nm and it has been elaborated by electrochemical etching [18] . The advantage of this method is the ability to compare the thermal conductivity of porous Si having two dierent sizes of pores in order to estimate the relation between these parameters. The original contribution consists mainly in applying a non destructive method on complex surfaces, including a metallic thin coating, in direct connection with the concerned microelectronic applications.
Experimental set-up for photothermal method
The experimental set-up is based on the nanosecond pulsed photothermal method. This method consists on the detection of the IR radiations emitted from the surface of a sample after its interaction with a pulsed laser beam. The sample, being heated by a UV KrF laser pulse (λ=248 nm, τ =27 ns), emits IR thermal waves that are focalized by two parallel o-axis paraboloid mirrors into the active area (0.25 mm diameter)
of an IR detector. The IR detector is cooled with liquid nitrogen and has a wide spectral range from 2 µm to 12 µm (300K to 3000K) with an integrated preamplier of 100 MHz. The output signal of the IR detector is read by a numerical oscilloscope (500 MHz bandwidth) that can give simultaneously the time distribution of the KrF laser beam (UV) and the IR signal variations at the nanosecond time scale.
The choice of the KrF laser as an excitation source is mainly due to the wavelength of the emitted radiations and also its interaction time. Most of metals have an important absorption coecient in the UV range, the KrF laser beam is then absorbed and heats the surface of the sample. The small interaction time permits to probe the extreme surface of the sample (several hundreds of nanometers) which makes this method very suitable for the thermal characterization of thin lms. Finally, the use of UV radiations to heat the sample permits to avoid the perturbation of the IR thermal signal emitted from the surface of the sample. constant current density of 93 mA.cm -2 during 10 min in the dark. The porosity of the samples is estimated using weight measurements [19] . P-type or n-type doped silicon is known to produce mesoporous materials in HF solutions corresponding to pore diameters varying from 2 to 50 nm [20] . Moreover, the morphology is inuenced by the crystal orientation with a preferred growth in the <100> direction leading to columnar structures [21] . In our case, the porosity is about 30%, the layer thickness is 50 µm and the average pores diameter ranges from 5 nm to 10 nm with the presence of secondary branches. This observation is in good accordance with a previous work [22] .
Notice that during this study, sc-Si and meso-si samples are n-dopoed with the same concentration level (5-10.10 18 cm -3 ), the electrochemical technique does not change the dopant concentration. As for the macroSi, it is made of polycrystal silicon with dierent size of cristals, after the compressing and annealing phases, the mophology and size of cristallites changes [14] . As reported in [23, 14, 5, 13, 6, 24] , for polycrystalline silicon thin lms, the thermal conductivity is varying from 1 to 35 W.m -1 .K -1 . It is however dicult to compare these results to the present case (macro-Si with 300 µm thick). With the pulsed-photothermal method, thermal properties of materials (bulk or multilayer samples) can be determined if the laser beam energy is absorbed homogeneously on the surface of the sample. But in our case, the complex surface of porous silicon does not allow an homogeneous absorption of the photons arriving on the surface. When the laser beam heats the surface, the interaction area is not very well dened either in the laser/phonon or laser/silicon case. In addition, when the UV beam irradiates the porous silicon, a signal of photoluminescence in the IR band is emitted [25] . The photoluminescence phenomenon masks the thermal signal, and it becomes very dicult to dierentiate between photoluminescence and thermal radiations (2-12 µm). For this reason, the deposition of a thin metallic layer on the surface of each porous sample is necessary. In fact, this metallic layer absorbs the UV beam, creating a uniform heat source, and transmits the photon energy toward the substrate by phonon vibrations.
Absorbing layer were deposited on samples by physical vapor deposition technique (PVD). A 200 nm thick
lm of titanium is deposited on (100) oriented single crystal silicon (sc-Si) by ion beam PVD in a commercial device (Precision Etching Coating System)( Figure 4 ). An Ar + ion beam is used to erode the target. The sputtered metallic particles condensate on the sample to create the coating.
Metallic thin lms are deposited on porous substrate by magnetron sputtering on a research device. The metallic targets were sputtered by the ionic species (Ar + ) coming from a plasma created by a DC voltage.
Titanium thin lm is deposited on the meso-Si substrate ( Figure 5 , a) and tungsten thin lm is deposited on the macro-Si ( Figure 5 , b). The use of tungsten instead of titanium is mainly due to the bad adhesion of titanium thin lm on the macro-Si (higher roughness and higher pore sizes). Table 1 summarizes the characteritics of the dierent samples studied in this work.
The experimental protocol of thermal conductivity identication is composed of four steps: rst, the thermal conductivity of sc-Si (sample 1) is measured to validate the measurement in the case of semi-innite surface (i.e. without coating). Second, the method is validated in the case of multilayer sample, Ti/sc-Si (sample 2) in order to obtain the same value of thermal conductivity of sc-Si. In the third and fourth steps, measurements are done on W/macro-Si (sample 3) and Ti/meso-Si (sample 4) in order to determinate the thermal conductivity of the two types of porous silicon. Notice that the optical absorptivity coecient of W is similar to Ti in the UV range and investigation of W thin lm was already done by our group using the photothermal method [16] .
5
Results and discussion
Calibration
Thermal properties of thin lms are determined from the relaxation of the temporal surface temperature after one laser pulse. In order to deduce the surface temperature from the electrical signal of the IR sensor, a calibration process is necessary for each sample. In fact, the emissivity of each surface depends on the nature of the material, its surface state and thickness. For this purpose, an electrical resistance is located behind the sample holder in order to be in contact with the back side of the sample. Once the sample is heated by this resistance, it emits IR thermal radiations from the front of the surface. These radiations are measured by the IR detector. At the same time, a K-type thermocouple is put in contact with the sample. So the detector output variations (electrical voltage) can be plotted versus temperature values. Calibration curves are given in Figure 6 . As indicated, sample 1 and sample 2 exhibit a similar thermal radiation because the emissivity of Ti and Si are both close to 0.5 in the spectral range 2-12 µm. Due to the porosity, thermal radiations emitted from sample 3 and 4 are slightly under the previous ones. For example, at 250°C, the amplitude of the IR signal emitted from the surface of sc-Si and Ti/sc-Si (samples 1 and 2) is 65±5 mv which is more important than 50±5 mV value, that corresponds to the signal emitted from W/macro-Si (sample 3).
The calibration method is performed in this work with the samples placed into an hemispherical cavity which amplies the apparent emissivity of the samples. The cavity eliminates ambient radiation reections while acting almost as a black body (due to multiple reections between the specular cavity surface and the measured sample) so that the eective emissivity is increased. It also allows measurements to be taken under vacuum, thus the absorption of particles of the air especially CO 2 and H 2 O can be avoided.
5.2 Validation of the model
In the case of thin lms, the time evolution of the apparent thermal eusivity (e(t)), taking into account the absorptivity of the material at 248 nm and the energy-time distribution of the laser pulse (in this study rectangular shape), is given by the following equation [26] :
The variation of surface temperature T(t) is obtained experimentally by the pulsed-photothermal method.
Q is the absorbed laser beam energy density; κ (W.m The thermal transducer is a non-transparent medium at 248 nm (the wavelength of the pump laser) and the IR detector is not collecting the reected (UV) radiations emitted from the surface of the sample.
Thermal losses from the surface are negligible versus the absorbed amount of the laser light [27, 28, 29] .
Samples 1 and 2 are tested rst in this protocol to check the consistency of the identication model in the case of a semi-innite or a multilayer sample. In the following studies, the curves of the temporal temperature variation begin at the maximum value of the surface temperature. The surface temperature changes versus time for sc-Si (sample 1) is shown in Figure 8 for a laser uence of 180 mJ · cm A paremetric study is carried on sample 2 in order to evaluate the sensitivity of the model on two thermal parameters κ 2 and R th . This study indicates that changes in R th aect strongly the maximum of surface temperature and its relaxation slope (gure 9 a). In this case, it becomes impossible to confuse with the experimental curve for incorrect values. In the case of κ 2 , the time relaxation does not change signicatively for dierent values of κ 2 (110-150 W.m -1 .K -1 ) . On the other side, the maximum of the surface temperature increases to 10°C corresponding to a variation of 15% of the value of κ 2 (gure 9 b). These last results evidence that estimation of the substrate themal conductivity κ 2 can be estimated with a precision better than 15%. Notice that this sensitivity analysis is conducted on sample 2, because this is the case of the most dicult to investigate due to the relatively high thermal conductivity of the substrate.
Thermal properties determination
As mentioned before, the macro-Si has an important pore diameter, which makes its surface very rough. The contact between the W thin lm and macro-Si substrate being not perfect, even a low laser uence may induce the removal of the layer . The mean laser uence used for thermal characterization is therefore decreased here to 50 mJ · cm −2 . Nevertheless, Figure 10 shows a maximum of the surface temperature close to 140°C.
Combination of bad thermal contact resistance 3. In Table 2 , the experimental results of thermal conductivity and thermal conctact resistance are listed as obtained by the model as well as the values of the volumetric heat capacity introduced in the model. Figure   11 shows the surface temperature changes for Ti/meso-Si (sample 4) for a laser uence of 150 mJ · cm
The maximum of temperature is about 200°C and the temperature relaxation is roughly reached after 1 µs duration time. There is no signicant dierences between the surface temperature of sample 4 before laser interaction and after 1µs delay. In opposition to sample 3, this dierent behavior is explained by a good adhesion of Ti thin lm on meso-Si mainly due to the small pores size (see Table 1 ). As a consequence, the thermal contact resistance is, in this case, comparatively small:
is reinforced by the high emissivity of Ti thin lm (0.5). . The theraml conductivity of meso-Si is determined in this work is varying between 50 and 80 W.m −1 .K −1 depending on the porosity. The porosity is also an important parameter to be taken into account. Thermal conduction of air or any other type of residual gas does not evolve in the same manner depending on the size cavity in where it is conned (micrometer size or smaller). In this case (diameter of pores), there is no general theory that explains thermal changes, and no model can be directly applied in order to determine the thermal conductivity versus pore size.
Since the porosity of meso-Si changes with the thickness, two dierents studies are carried on considering the two values of porosity: 15% and 35% for a thickness of 10 µm. Results show that for a porosity of 35%, the value of meso-Si thermal conductivity is about 50 ± 10 W.m −1 .K −1 and the value of the thermal contact resistance is 0.
In case of 15% of porosity, as the value of the thermal conductivity increases and becomes 80 ± 15 W.m −1 .K −1 , and the thermal contact resistance value decreases slightly
, which is probably due to a better adhesion of the lm when the porosity decreases.
Wolf et al. have also noticed that the value of thermal conductivity derceases when the porosity of the porous silicon samples elaborated under the same method increases [5] . Figures 12 and 13 , show a good agreement between the experimental temporal temperature relaxation versus the analytical model in these two case of porosity.
The value of the thermal conductivity of meso-Si is three times lower than the sc-Si sample having the same dopant type and concentration. Thus, the porosity and the thickness of the etched zone, as well as the morphology and struture of the pores aect signicantly the conduction process [6, 30] . The value of thermal conductivity determined in this work is in the same order of magnitude of the one detremined by other study using te same elaboration technique and porosity [5] .
In the case of macro-Si sample, the detremination of the crystalite size is very dicult, as mentionned before, due the elaboration technique. The alignement and shape of crystallites play an important role in the value of the tehermal conductivity. The thermal conductivity of polycristalline silicon thin lms is determined in dierents studies and turned out to be about one order of magnitude smaller than the monocrystalline silicon [31, 14] and sometines two order of magnitude [13] . These value cannot be compared to our results du to a big number of dierent parameters starting with the dierence between thin lms and substrate, the elaboration technique and also the porosity, size of pores and other morphological without forgetting the purity and grain boundary parameters.
The value of the thermal conductivity of macro-Si is more important (73 W.m 
Conclusion
In this work, the thermal conductivity of porous silicon was determined by the pulsed-photothermal method.
Two samples with dierent porosity were studied. The eect of porosity as well as the size of pores on the thermal conductivity is clearly established. In both cases, thermal conductivity of porous samples is found much lower than the sc-Si sample, due to the presence of air acting as insulator in the micro and mesopores.
Additionally, it is shown that 1D multilayer thermal model is well adapted to identify the apparent thermal properties, either for continues or porous silicon samples. Estimation of R th and κ 2 are achieved with variations less than 15%. Future works will concern the eect of porosity on the thermal conductivity with samples having the same pores size, as well as the eect of the presence or not of residual gas. Experiments can be done either under vacuum or by injection of a gas like argon or helium in the hemispherical reactor.
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